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Abstract

The Nukhul Formation has been a point of controversy until now due to a lack of index fossils, varied facies modifications,
and different time gaps. As a result, the calcareous nannofossils of the exposed Miocene rocks at Wadi Baba, west-central
Sinai have been studied quantitatively for the first time. An important sequence of calcareous nannofossil bioevents has
been recorded in the Nukhul Formation, including the FOs of Discoaster druggii, Sphenolithus dissimilis, Helicosphaera
ampilaperta, and Sphenolithus disbelemnos, which correspond to the Aquitanian age of upper NN1 and NN2 zones. The
Nukhul Formation contains four intervals that reflect eutrophic conditions in the nearshore habitats with substantial nutrient
input from the terrigenous influx, as shown by the dominance of cool-water taxa, Coccoliths pelagicus and Reticulofenestra
minuta. The lithofacies, microfacies types, abundance, dominance, and diversity of nannofossil assemblages classified the
studied interval into two depositional sequences with four system tracts. These tracts refer to fluctuations in relative sea level

changes in response to the eustatic sea-level curve.
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Introduction

The Nukhul Formation represented one of the most impor-
tant oil reservoirs in the Gulf of Suez and west-central Sinai.
Several studies have been conducted on the significant
Nukhul Formation due to its high-quality oil accumulations
(e.g. El Heiny and Martini 1981; Saoudi and Khalil 1986;
Evans 1988; El-Azabi 1997, 2004; Phillip et al. 1997; Abul-
Nasr and Salama 1999; El-Deeb et al. 2004; Soliman et al.
2012; El Atfy et al. 2013; Temraz and Dypivx 2018; Zalat
2018; Hewaidy et al. 2012, 2014, 2016; Ayyad and Hewaidy
2016). The Nukhul Formation that was deposited above
older pre-rift and early rift rock units in marginal marine to
shelf environments has a relatively small thickness in out-
crops, but borehole data indicate large thicknesses up to 500
m in the West Zeit Trough (Peijs et al. 2012).
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The age of the Nukhul Formation in west-central Sinai
is still the subject of controversy. Indeed, this formation is
considered Aquitanian-early Burdigalian (e.g. Garfunkel
and Bartov 1977; El Heiny and Martini 1981, Fawzy and
Abdel Aal 1984; Scott and Govean 1985; Evans 1988). It is
divided into three time-equivalent members: the Shoab Ali
Member and the Ghara, October, and Gharamul Members
(Saoudi and Khalil 1986). Dating the Shoab Ali as extend-
ing into the late Oligocene based on radiometric data, how-
ever, is not confirmed by fossil evidence in the Gulf of Suez
and the northern Red Sea (Al-Husseini 2012). However,
the palynological study by El-Atfy et al. (2013) suggested
the Chattian-Aquitanian age for the Nukhul Formation in
some subsurface wells, particularly for Shoab Ali Mem-
ber. It is worth mentioning that however, they referred to
the absence of strong evidence for accurate dating, due to
the scarcity of palynomorphs. Moreover, the Nukhul For-
mation at Wadi Baba (the area of the present study) was
dated as late Oligocene-Early Miocene based on planktonic
foraminifera and nannofossils (Hewaidy et al. 2012, 2014;
Ayyad and Hewaidy 2016). They also mentioned the pres-
ence of the Oligocene NP25 Zone of Martini (1971) at the
lowermost part of the formation, depending on the presence
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of Sphenolithus ciperonsis in one sample from the base of
the section.

The samples for the present work were collected from
Wadi Baba for palaeoecological and palaeoenvironmen-
tal studies, as well as for the sequence stratigraphy of the
Nukhul Formation deposits. Careful and frequent examina-
tion of all samples revealed the absence of calcareous nan-
nofossil bioevents and evidence of the late Oligocene in the
Nukhul Formation. The aims of this study are to revise and
introduce the age assignment and palaeoecological implica-
tions of the Nukhul Formation at Wadi Baba based on quan-
titative calcareous nannofossil biostratigraphic studies, in
addition to the sea level response on vertical facies changes
and palaeo-productivity.

Geologic setting and general lithostratigraphy

The Gulf of Suez is a rift graben between the two uplifts of
the Sinai and the Eastern Desert (Schiitz 1994). The move-
ment of the Nubian and Arabian shields, as well as the Sinai
microplate, caused complex faulted and fractured areas in
this area. The age of the rift ranges from 23 to 27 Ma (Bos-
worth and McClay 2001). The initiation of the rift system is
assigned to the latest Oligocene-earliest Miocene age (e.g.
Garfunkel and Bartov 1977; Moustafa 1993; Patton et al.
1994). The stratigraphic section of the Gulf of Suez and
the northern Red Sea deposits are subdivided into pre-rift
and syn-rift deposits (Robson 1971; Moustafa 1987; Sharp
et al. 2000; Jackson et al. 2006). According to Moustafa and
Khalil (2020), a third division, post-rift rocks exist only in
the Suez Rift, whereas the Red Sea is still extending. The
pre-rift rocks of the Gulf of Suez and the northern Red Sea
include platform sedimentary units unconformably overly-
ing the Precambrian crystalline basement rocks. The pre-rift
deposits are unconformably overlain by the Oligocene-Mio-
cene syn-rift succession (Garfunkel and Bartov 1977; Pat-
ton et al. 1994). The syn-rift sequence includes an early rift
sequence (red beds and Abu Zenima Formation) unconform-
ably overlain by proper syn-rift sequences (Moustafa and
Khalil 2020). The proper syn-rift sequence is represented
by the Miocene sediments.

There are many attempts to study and classify the Miocene
succession in the Gulf of Suez and western Sinai (e.g. EGPC
1964; NSSC 1974; Saoudi and Khalil 1986). The Miocene
succession is divided into two major groups: the Lower Mio-
cene Gharandal group, which includes the Nukhul, Rudies,
and Kareem formations, and the Upper—-Middle Miocene Ras
Malaab group, which includes the Belayim, South Gharib,
and Zeit formations (El-Ayouty 1990; Hughes et al. 1992).
In the Aquitanian, deposition of the proper syn-rift sediments
started with a phase of slow tectonic subsidence followed
by a phase of rapid subsidence at ~20 Ma. This phase was
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followed at ~17 Ma by another phase of slow tectonic sub-
sidence (Moustafa and Khalil 2020). This tectonic activity
resulted in the erosion of the structurally high Nukhul sedi-
ments, and the subsidence of the rift led to the deposition of
the Burdigalian Rudies Formation (Moustafa 1993).

The Nukhul type section is located in Wadi Nukhul in the
west-central Sinai Peninsula (29° 01' 30" N; 33° 11' 30" E)
and is 74 m thick. It was first named by Waite and Pooley
(1953) and then formally established by the EGPC (1964).
This formation was deposited while the water depth in the
Gulf of Suez was shallow and sedimentation occurred through
rapid subsidence (Saoudi and Khalil 1986). The rifting led to
changes in lateral and vertical facies from continental deposits
to a marginal marine succession of the Nukhul Formation
(Patton et al. 1994). The degree of erosion and uplift varies
in the area, so the Nukhul Formation overlies rocks ranging
from Pre-Cambrian to middle Eocene ages, depending on the
degree of erosion in the area (Richardson and Arthur 1988).
The Nukhul Formation is underlain by the Abu Zenima For-
mation, which accumulated during the early stages of rift-
ing in the northern and central parts of the Gulf of Suez.
Generally, deposits of the Nukhul Formation are related to
offshore, shoreface, and estuarine settings (Carr et al. 2003;
Gadallah et al. 2007). The Nukhul Formation in the studied
area unconformably overlies the middle Eocene Darat Forma-
tion, separated by a 5 m thick conglomeratic layer with large
boulders, fossil fragments, and a calcareous matrix. It under-
lies unconformably the Rudies Formation, where the vertical
facies changes from being dominated by burrowed calcareous
sandy content to marl and argillaceous limestone.

Tectonically, the Gulf of Suez rift was divided into
three 50-100 km-long tectonic domains (Colletta et al.
1988; Patton et al. 1994; Moustafa 1996): (1) the north-
ern Darag basin; (2) the central basin; and (3) the south-
ern basin. Two major wide accommodation zones exist
in between (Colletta et al. 1988): the Zaafarana and the
Morgan accommodation zones. The facies distribution of
the Nukhul Formation was influenced by large-scale tec-
tonics (e.g. accommodation zones, Darag, Central, and
Southern basins) as well as small-scale structures (Rohais
et al. 2016). The Nukhul Formation is subdivided into two
members: Shoab Ali and laterally time equivalent mem-
bers (Ghara, October, and Gharamul) (Saoudi and Khalil
1986). The Shoab Ali member is composed of continental
deposits and is concentrated in the rift's southern areas
(Patton et al. 1994). The Ghara member was originally
described by Saoudi and Khalil (1986). It is composed of
white, hard anhydrite layers interbedded with sandstones,
grey marls, calcareous shales, and limestones. Palaeo-
geographically, three key phases (Nul-Nu3) during the
Nukhul Formation deposition were established by Rohais
et al. (2016), in which the time frame defined by Hughes
et al. (1992) was used. During the first phase (20.4-23
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Ma), the southern basin was composed of siliciclastic
deposits, the Morgan accommodation zone was sub-aerial,
and the central basins (e.g. the Baba area) were character-
ised by shallow marine to a restricted setting. The transi-
tion from shallow marine to open marine settings was in
Zaafarana and Darag, respectively. In the second phase
(21.2-22.1 Ma), marine flooding from the Mediterranean
invades from the north to the central basin, and carbon-
ates and deep marine shale are deposited. The lagoon and
Sabkha evaporites characterised the southern basin at this
stage. In the last phase (20.4-21.2 Ma), the marine flood-
ing from the Mediterranean reaches the Morgan accommo-
dation zone, and the input of terrigenous deposits becomes
localised to the rift shoulders. The southern basins were
characterised by isolated evaporite ponds (see maps in
Popov et al. 2004; Rohais et al. 2016).

Material and Methods

Eighty-seven samples, with 30-100 cm spacing between
samples, were obtained from the exposures of Wadi Baba,
east of Abu Zenima locate at 33°157784”E and 28°57270"N
(Fig. 1). The samples were prepared using standard nanno-
fossil smear slide techniques, as described by Perch-Nielsen
(1985) and Bown and Young (1998). The studied nannofos-
sil assemblages were investigated under 1000X magnifica-
tion with cross-polarized light using an Olympus TH4-200
microscope equipped with Olympus UC-30 camera. The
zonal scheme for this study follows the nannoplankton zona-
tion schemes of Okada and Bukry (1980), Martini (1971),
and Backman et al. (2012). Preparing the samples for the
quantitative analysis, the settling technique of Geisen et al.
(1999) are used. The qualitative and quantitative nannofossil
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Fig. 1 The geologic map (modified after Moustafa 2004) of the studied section (Wadi Baba) in west-central Sinai (Egypt)
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taxa are accomplished by counting around 100 to 300 indi-
viduals, with the exception of some samples that contain
low-abundance individuals. PAST software was used to
group the samples into clusters and describe the palaeo-
productivity based on diversity indices including species
richness, the dominance index, and the Shannon-Weiner
diversity index (Hammer et al. 2001; Hammer and Harper
2006; Wade and Bown 2006). Twenty microfacies thin sec-
tions were prepared and classified according to Dunham
(1962) for the carbonate rocks, whereas the sandstone was
classified according to Pettijohn et al. (2012).

The samples are deposited in the Paleontology and Sedi-
mentology Laboratory, Geology Department, Faculty of Sci-
ence, Kafrelsheikh University, Egypt.

Results
Lithofacies and microfacies types

A detailed field and petrogrphical description identified the
following five lithofacies and microfacies types:

Conglomerates (LFt-1)

This lithofacies occurs unconformably at the contact
between the middle Eocene Darat Formation and the Lower
Miocene Nukhul Formation (bounded at the base by an ero-
sional surface) with a thickness of 5 m (Figs. 2a; 3). The
clasts are medium to highly rounded, with sizes ranging
from 5 to 100 mm. The pebbles and gravels are floated in
a matrix of coarse sand and lime muds and are composed
mainly of white limestone and chert fragments, but rarely
mudstone. This lithofacies is poorly sorted, polymictic,
unstratified and contains reworked fossil fragments. The
texture of this type of lithofacies is immature, massive and
contains different types of materials with varying sizes of
grain. As a result, the conglomerates form channels that fill
debris flow in alluvial fans (Blair and Mcpherson 1994).
Such massive clast-supported conglomerates are interpreted
as a result of debris flow deposits and are considered as
channel lag sheets or channel bars (e.g. Lowe 1982; Nemec
and Steel 1984; Postma 1984; Mulder and Alexander 2001).

Cross-bedded sandstone (LFt-2)

This type of lithofacies is concentrated in the lower part
of the Nukhul Formation (Fig. 3). Cross-bedding is the
main sedimentary structure characterising this facies. The
main sedimentary structure of this lithofacies is planar
cross-bedded. The grains are medium to coarse sand with
sizes up to 1 mm. The thickness of sandstone beds varies
from 0.5m to 2.5m and is rich in pecten and oysters. The
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cross-bedded sandstone lithofacies contains scattered
pebble size black chert grains (Fig. 2b). Massive sandstone
is rarely found in the studied Nukhul Formation and often
presents in the base of small fining upward cycle along
with sandy limestone lithofacies. The microfacies type of
this lithofacies is a calcareous bioclastic sublithic arenite
(MF1). This microfacies is poor to moderately sorted
sandstone with associated fossil fragments. The facies
is mostly made up of subangular to subrounded detrital
quartz (40 to 55 %). The quartz grains are monocrystalline,
rarely polycrystalline, and fine to coarse in size. Calcite
and iron oxides are common in the sandstone. Quartz
grains are frequently corroded and replaced by calcite.
Some feldspars grains were replaced by calcite. This is
evidenced by the very rare remnants of visible feldspars.
The associated bioclastic grains represent 5 to 15% of the
total rock. The framework grains are embedded in sparry
poikilotopic calcite cement.

At the lowermost part of the Nukhul Formation, the cal-
careous sublithic arenite has reworked planktonic foraminif-
era and little benthic foraminifera (samples B4, B6, and
B7) (F. 4a). In the next samples of the Nukhul Formation
(samples B9 and B10), the associated bioclasts with detrital
quartz are oyster shell fragments, little planktonic foraminif-
era, brachiopods, and echinoderm spines (Fig. 4b). The
oyster shell fragments are partially altered by silicification.
Rounded to angular, and medium to coarse in size glauco-
nite grains constitute about 2 to 5%. Other lithic fragments
are recognised, such as angular to subangular black chert
fragments, as well as spherical disoriented brown lithic frag-
ments and disoriented phosphatic grains.

At the middle part of the Nukhul Formation, the grains
of this microfacies are cemented with ferroan sparry calcite
with some scattered micrite matrix and iron oxides. This
facies also contains large rounded and brown lithic frag-
ments as well as calcite fragments. The bioclast fragments
are rare (5%) and include molluscan shell fragments, algae
and rare ooids. Siliciclastic materials are generally accu-
mulated close to the shoreline, which is supported by the
associations of bioclast fragments. The high quartz grains
with marine conditions indicate proximity to the shoreline
and suggest tidal flats (Fliigel 2004).

Sandy limestone (LFt-3)

This lithofacies unit is well distributed in the studied section
and varies in thickness from 1 to 2 m. Cross-bedding is the
main sedimentary structure in this facies. It has yellowish
white and white colours, and fossiliferous with pecten and
oysters (Fig. 2c-2e). It is characterised by disseminated and
scattered pebble-sized grains and bioturbated at the contact
with overlying Rudies Formation (Fig. 2f). The microfacies
types are the following:
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Sandy limestone

Mudstone

Fig.2 Field photographs of the studied Nukhul Formation at Wadi
Baba a The contact between the Nukhul Formation and the underly-
ing middle Eocene Darat Formation. The two formations are sepa-
rated by a polymitic conglomerate layer. b Sandstone lithofacies unit
overlies the conglomerate layer at the lowest part of the Nukhul For-
mation. ¢ The sandy limestone lithofacies unit with oyster and pecten.

d Marl is intercalated with thin layers of fossiliferous sandy limestone
representing the TST, and overlying sandy limestone and sandstone
layers representing the HST. e Maximum flooding surface separates
the mudstone unit from the sandy limestone unit. f the uppermost part
of the Nukhul Formation is characterised by a burrowing sandy lime-
stone unit
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Microfacies MF2- Packed sandy oyster rudstone: The char-
acteristic feature of microfacies MF2 is a grain-supported
texture with abundant bioclasts in a blocky and drusy
sparry calcite and in other parts of a micritic groundmass.
The microfacies include coarse-grained bioclasts of oysters
(Fig. 4c) which are larger than 2 mm in size (30%) and shell
fragments of other bivalves (25%). The framework grains are
well-oriented. Some oyster shell fragments are exposed par-
tially to micritization. The effect of compaction and the for-
mation of void-filling spars are also observed. At the lower
part of the Nukhul Formation (samples B8, B17, and B18),
the sandy limestone unit encomposses a high percentage of
quartz grains, and the grains are oriented and laminated.
The laminae are alternations of quartz grains cemented by
calcite, and packed oysters and other bioclasts in micro-and
pseudo-sparite. Oysters occur at a depth of less than 50 m
in low-oxygenated and nutrient-rich waters (Gertsch et al.
2010). The variety in quartz grain sizes from fine to coarse
is an indicator for mixing from different depositional envi-
ronments or multiple sources (Scholle and Ulmer-Scholle
2003). Therefore, the occurrence of shallow marine fauna
with sparry cement and a high percentage of quartz grains
indicate tidal flat or shoal deposition leeward where the bio-
clasts have been mixed during the storm (Fliigel and Mun-
necke 2010).

Microfacies MF3- Sandy bivalve grainstone-rudstone: This
microfacies is well encountered in the middle parts of the
Nukhul Formation within samples B36 and B39. The main
framework grains are bivalves (Fig. 4h) which form about
45% of the total volume of the rock and oysters of about
10%. The other bioclast fragments are intraclasts, bryozoa,
echinoids, miliolids, and small shell debris. Quartz and black
chert fragments are the associated clastic grains. The quartz
grains are medium to very coarse, subrounded to angular,
and monocrystalline. Echinoderms and bivalves refer to high-
energy, open circulation, and normal salinity environments
above the fair-weather wave base (Wilson 1975). The pres-
ence of intraclasts with sparry calcite is indicative of high
energy conditions (Fiigel and Munnecke 2010). The presence
of sparite cement indicates the deposition of erosive tidal
channels of barriers in high energy environments (Tucker and
Wright 2009) that connect at lagoonal with the open marine
environment. In summary, these microfacies indicate a shoal
or open marine setting.

4Microfacies MF4- Recrystallised bioclastic grainstone: It is
recognised in the latest samples of the Nukhul Formation.
It contains foraminifera, molluscan shell fragments, and
calcareous algae embedded in a groundmass made of
blocky and drusy sparry calcite cement. The framework
grains as well as the groundmass are exposed to intensive
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recrystallization with sparry calcite. Little scattered
terrigenous quartz grains are also found in this microfacies.
The drusy calcite cement is commonly observed and it
can be interpreted as deposits of late diagenetic processes
(Fliigel 2010). This process is attributed to the meteoric
influence as a result of sea level falling (Scholle and Ulmer-
Scholle 2003).

Microfacies MF5- Sandy bioclastic packstone: It contains
framework grains embedded in micrite matrix (packstone).
The main allochems are benthic foraminifera with spar-
filled chambers (20%, mainly Nummulites sp. and other
types), oyster shell fragments (15 to 20%) and intraclasts
(approximately 10%; Fig. 4f, g). Most of the intraclasts are
well-rounded to subrounded; and polymodal in size. The
intraclasts are composed of different forms of fossil shell
fragments and others from planktonic foraminifera. Sec-
ondary bioclasts are mainly corals, echinoids, bryozoans,
red algae, and fragments of mollusks. In this microfacies,
some voids are filled with chalcedony; and the oyster shells
are partially micritized and/or silicified. The detrital quartz
grains are coarse to medium, poorly sorted, angular to
subrounded monocrystalline quartz (approximately 30%).
The packstone-grainstone is poorly-medium sorted and the
grains are angular to subangular. The Nummulites, bryozo-
ans, and echinoids are open marine skeletal fauna (Hottinger
1983, 1997; Romero et al. 2002). Bivalves, bryozoans, and
echinoids indicate a high-energy lagoonal setting above
fair-weather wave base (Wilson 1975). Nummulites can be
considered as a proxy for deposition in open marine and
inner ramp settings (Adabi et al. 2008). This microfacies is
deposited in a medium-energy open marine environment.
Accordingly, this microfacies may belong to FZ 7-8 of Wil-
son (1975) and was accumulated in an outer lagoon/open
marine setting.

Microfacies MF6- Foraminiferal pack-grainstone: It is
detected at the lowermost part of the Rudies Formation.
It contains planktonic and small benthic foraminiferal
tests embedded in sparite and micritic matrix (Fig. 4i).
The percentage of planktonic to benthic foraminifera is
approximately 55 to 60%. Benthic foraminifera are com-
posed of small uniserial and biserial tests. The planktonic
foraminiferal are unkeeled tests. The presence of plank-
tonic foraminifera indicates an open, deep marine setting
below the photic zone (Geel 2000). Bassiouni and Luger
(1990) reported that the outer ramp setting is distinguished
by a planktonic/benthic (P/B) ratio of more than 61%,
and the middle ramp environment has a P/B ratio ranging
from 25 to 41%, referring to deposition in the middle/outer
ramp setting. The presence of micrite as well as sparite
indicates moderate-energy.
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Fig.3 Lithostratigraphic column, microfacies types, depositional environment, system tracts, sea level curves, and depositional sequences of the
Miocene Nukhul Formation and the lowermost part of the Rudies Formation at Wadi Baba, west-central Sinai (Egypt)

Marl and sandy marl lithofacies (LFt-4)

The marl and sandy marl lithofacies are two of the most
abundant lithofacies in the studied rocks (Fig. 2d). The
unit is flaky and nodular marl and sandy marl, varying in
colour from grey to yellow, light green, and yellowish grey.
It occurs in fine upward cycles, mainly overlain by sandy
limestone and sandstone lithofacies. The marl and sandy
marl lithofacies are mainly fossiliferous in the lower and
upper parts of the section and lack fossils in the middle part
of the Nukhul Formation. The recorded microfacies are
sandy benthic foraminiferal wacke-mudstone and planktonic/
benthic foraminiferal wacke-mudstone.

Microfacies MF7- Sandy foraminiferal wacke-mudstone: This
microfacies is well encountered in the studied section. In the
Nukhul Formation, it contains small benthic foraminiferal

tests (10 to 15%) embedded in the micrite matrix (about 60
to 70%; Fig. 4d, e). The microfacies contains randomly dis-
seminated fine to medium; subrounded to subangular quartz
grains. Besides the foraminiferal tests, the allochems include
rare echinoid and bivalve fragments in some samples. It is
noted that this microfacies in the marl of the lower part of the
Rudies Formation contains unkeeled planktonic foraminiferal
tests as well as small benthic foraminifera embedded in an
approximately 70 to 90% lime-mud matrix. This microfacies
is deposited in an open lagoon above a fair-weather wave
base of the normal marine setting (FZ 7 of Wilson 1975;
Fliigel 2010). The dominance of the micritic matrix sug-
gests a low-energy environment below the storm wave base
(Burchette and Wright 1992). The P/B ratio of 1 to 5% indi-
cates an inner shelf setting and the presence of planktonic
foraminifera indicates a deep outer shelf marine setting (Geel
2000; Romero et al. 2002; Pomar et al. 2014).
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Calcareous mudstone lithofacies (LFt-5)

Fine-grained mud rocks are concentrated in the lower
and middle parts of the studied section and often
overly the marl lithofacies (Fig. 2e). This lithofacies
is observed in grey, yellowish grey and green colours.
Although the grain sizes are mostly clay and silt, they
partly exhibit fine sand sizes. The main observed sedi-
mentary structure is horizontal laminations. The mic-
ritic matrix indicates a low-energy depositional envi-
ronment in open marine and normal salinity conditions
(Wilson 1975; Fliigel 2010). This lithofacies is highly
fossiliferous with nannofossils and indicates a middle/
outer ramp setting.

Fig.4 Photomicrographs from the detected microfacies associa-
tions of the Nukhul Formation in the studied section (a-h) and of
the Rudies Formation (i); a-f unstained thin sections; g, h, i stained
thin sections. a-c, e-g plain polarized light and d, h, i crossed nicoels,
a Sublithic calcareous bioclast arenite (LF), reworked planktonic
foraminifera and glauconite (MF-1). b Oyster (OY), shell fragments,

@ Springer

Biostratigraphy

Three biozones were identified based on the vertical
distribution of the first occurrence (FO) and last occur-
rence (LO) of the calcareous nannofossil marker species
(Figs. 5-6). Below is a brief summary of each recorded
zone, from oldest to youngest.

The NNI1 Zone of Bramlette and Wilcoxon (1967) emended
by Martini and Worsley (1970)

This zone can be detected from the LOs of Helicosphaera
recta or Sphenolithus ciperonesis to the FO of Discoaster
druggii. A major hiatus between the middle Eocene Darat

planktonic foraminifera, and glauconite sublithic calcareous bioclast
arenite (MF-1). ¢ Sandy oyster rudstone (MF-2) microfacies. d, e
Sandy lime-mudstone microfacies (MF-7). f, g Benthic foraminifera
(F) and intraclasts (/n) in a sandy bioclast packstone (MF-5). h Sandy
bivale grainstone-rudstone (MF-3). i Foraminiferal pack-grainstone
microfacies (MF-6)
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Fig. 5 Distribution chart of the calcareous nannofossil species recorded in the Wadi Baba section

Formation and the overlying Nukhul Formation where the
NNI1 overlies the middle Eocene calcareous nannofossil
Zone NP15, which is defined by the FO of Nannotetrina
fulgens to the FO of R. umbilica (samples B1-B3). The
NNI1 Zone of Martini (1971) is equivalent to CN1b of
Okada and Burky (1980) and corresponds to CNM1 of
Backman et al. (2012) (Fig. 7). The thickness of this zone
attains about 5 m and it is represented by samples B4-B10.
Except for sample B3, this interval is barren of nannofos-
sils (Fig. 3). The most common nannofossil assemblages
are Coccolithus pelagicus, Reticulofenestra bisecta, Tri-
quetrorhabdulus carinatus, Cyclicragolithus floridanus,
Braarudosphaera bigelowii, Sphenolithus conicus, Heli-
cosphaera intermedia, H. mediterrana, Sphenolithus mori-
formis, Discoaster deflanderi, and D. druggii of size less
than 10 pm.

The NN2 Zone of Martini and Worsley (1970)
It is defined from the FO of Discoaster druggii to the LO of

Triquetrohabdulus carinatus. The thickness of this zone is
about 55 m and it is represented by samples B11 to B75. It can

be subdivided into lower and upper NN2 zones, marked and
separated by the FO of H. ampilaperta (Raffi et al. 2006). The
lower part of the NN2 Zone (samples B11 to B40) is equiva-
lent to the CNM?2 Zone of Backman et al. (2012) (Fig. 7).
The lower interval is characterised by the same assemblage
of the NN1 Zone besides the occurrence of S. microdelphix,
S. disbelemnos, S. dissimilis, and D. druggii with a size of
10-15 pm. The upper part of the NN2 Zone is recorded within
samples B41 to B71 and is equivalent to the CN1c Discoaster
druggii Subzone of Okada and Bukry (1980). It corresponds
to the CNM4 nannofossil zone of Backman et al. (2012). C.
pelagicus, C. floridanus, Reticulofenestra haqii, and R. minuta
are abundant in this interval. This part contains less abundant
specimens of Helicosphaera carteri, S. dissmillis, S. mori-
formis, D. deflandrei, H. intermedia, H. ampliaperta, H. scis-
sura, B. bigelowii, S. disbelemnos, and S. conicus.

The NN3 Zone of Bramlette and Wilcoxon (1967) emended
by Martini (1971)

This zone covers the interval from the LO of Triquetrohab-
dulus carinatus to the FO of Sphenolithus belemnos. The

@ Springer
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«Fig.6 The bar scale = 10 pm. 1 Nannotetrina flugens, Sample B1. 2
Reticulofenstra bisecta Sample BS. 3 (XP), 4 (PL) - Triquetrorhabdulus
carinatus, Sample B11. 5, 6- Discoaster druggii. 5 Sample B 11,
6 Sample B74. 7, 8 Sphenolithus dissimilis, Sample B12. 9, 10
Sphenolithus conicus, Sample B11. 11, 12 Sphenolithus microdelphix,
sample B11. 13 Braarudosphaera bigelowii, Sample B11. 14 (PL),
15 (XP) - Coccolithus pelagicus, Sample B27. 16 Reticulofenestra
hagii, Sample B60. 17 Reticulofenestra minuta, Sample B80. 18
Cyclicargolithus floridanus. Sample B37. 19 Discoaster deflandreli,
Sample B70. 20 Helicosphaera mediterranea, Sample B47. 21, 22
Helicosphaera ampliaperta. 21 Sample B75, 22 Sample B79. 23
Helicosphaera scissura, Sample B72. 24 Pontosphaera multipora,
Sample B44. 25 Sphenolithus moriformis, Sample B11. 26, 27, 28
Helicosphaera carteri, Sample B40. 29, 30 Helicosphaera intermedia.
29 Sample B 11, 30 Sample B 72. 31, 32 Sphenolithus disbelemnos.
Sample B79. 33, 34, 35 Sphenolithus belemnos (Sample B80)

NN3 Zone is recorded from the base of Rudies Formation
(samples B76 to B87) and attains a thickness of about 7 m.
It correlates with the CN2 Sphenolithus belemnos Zone of
Okada and Bukry (1980). It corresponds to the CNMS5 Zone
of Backman et al. (2012) (Fig. 7). Abundant occurrences of
C. pelagicus, C. floridanus, and R. minuta were recorded in
this interval. Discoaster druggii, H. mediterranea, and S.
moriformis are also recorded in this zone.

Nannofossil abundance and assemblages

Based on the R-mode cluster analysis (Fig. 8), three groups
are identified

Group A

It includes both C. pelagicus and R. minuta. The C. pelagicus
appears continuously and is the most abundant in the investi-
gated samples, reaching an amount of up to 83% in some sam-
ples. R. minuta is a major component of the assemblage and its
abundance values range from 53% to 6%. Both C. pelagicus
and R. minuta show the highest abundance in the lowermost
part of the NN2 Zone and the lower part of the NN3 Zone.

Group B

It corresponds to all the warm taxa whose abundance
is less than 4%. These taxa include all the species of
Discoaster, Sphenolithus, Pontosphaera, Brarrudosphaera,
Micrantholithus, and Helicosphaera. Sphenolithus morifomis
is the most abundant species in the Sphenolithus group.
Discoasters show major types of 5-ray and 6-ray types.

Standard global zonation
= = g
Age S Stage 52 o Present
(Ma) ) 8 Martini Backman et al. (2012) stud
T2 |aym y
E
i 2
i — CN3 < s B2 out of
= NN4 |[CNM6 . heteromorphus the
18 — study
= Burdigalian
S CN2 S. belemnos BZ
= =
1= :
20 — CNM4 | H. carteri PRZ
— CN1C
21 — NN2
= - H. euphratis PRZ Not
2y — Aquitanian CNM3 detected
3 CNM_2 |[S. disbelemnos/T. carinatus CRZ
E CNM1 | 8. conicus PRZ
23 . NN1
=D CNIb Not
4 = Chattian NP 25 CNOG6 | T. carinatus PRZ
24 4 © CNla detected

Fig. 7 Correlation of the Miocene zonations of Martini (1971), Okada and Bukry (1980), Backman et al. (2012) and the current study
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The majority of Helicosphaera types which are recorded
in the studied section are Helicosphaera intermedia, H.
mediterrana, H. euphratis, H. carteri, and H. ampilaperta,
which are only recorded in the upper part of the section.
Triquetrohabdulus carinatus is rare and appears in a few
samples of the NN1 Zone.

Group C

It includes C. floridanus and R. hagqii. The abundance of
R. hagii reach about 29% and their increase in abundance
occurs in the middle part of the NN2 Zone at the base of
Aquitanian than in its upper part. C. floridanus is highly
variable in the studied section and ranges in abundance from
less than 1% to 38%. It has a sharp increase in samples from
B64 to B68 in the middle-upper part of the NN2 Zone.

Nannoplankton species richness and diversity

Three taxa were common throughout the assemblages, form-
ing more than 10% of the total nannoplankton assemblage.
These major taxa are C. pelagicus, R. minuta, and R. hagqii
(Fig. 9). Other Coccolithus species, such as C. miopelagi-
cus, are rare in the investigated samples. The minor taxa
were present at low to moderate abundance and ranged from
less than 1 to 5% in the samples. They include the genera
Helicosphaera, Pontosphaera, and Sphenolithus, as well
as Calcidiscus leptoporus, B. bigelowii, Microantholithus
vesper, and some species from Reticulofenestra such as R.
perplexa. Most of these taxa show no continuity throughout
the studied section.

The species richness and diversity in the studied section
are considered low to moderate (Fig. 8). Species richness
(S) varies from 3 to 20 species per sample. Samples B11,
B37, B40, and B85 have the most taxa (ranging from 18
to 20), while samples B55 and B31 have the fewest (only
three taxa). It is observed that the species richness is gen-
erally higher in the lower and middle parts of the Nukhul
Formation than in its upper part. It is also increased in the
lower part of the Rudies Formation. The Shannon-Wiener
diversity index ranges from 0.4506 to 1.704. It is noted that
the Shannon index decreases in the first samples (B5-B41)
and increases in the middle part of the Nukhul Formation
(samples B42-B57). The dominance index in the studied
section contains values from 0.22 to 0.78.

Sequence stratigraphy

The study of lithofacies, microfacies, biostratigraphy, and
depositional environments resulted in the differentiation of
three depositional sequences in the Wadi Baba based on the
standard model defined by Catuneanu (2006) and Catuneanu
et al. (2009).

First depositional sequence (DS-1)

This sequence falls within NN1 and the lower part of NN2
nannofossil zones of the Aquitanian age (samples B5-B40;
Fig. 3). The DS-1 is bounded at the base by SB 1 (Fig. 2a)
and can be marked by 5 m of polymictic conglomerates at the
contact between the Darat and Nukhul formations. The thickness
of the sequence is approximately 30 m. The conglomerate layer
and the overlying sublithic arenite with reworked foraminiferal
tests represent the low stand system tract (LST) which directly
overlies the SB 1 in the first depositional sequence. The
transgressive surface is located within the lithological boundary
between sandstone and marl lithofacies. The retrogradational
transgressive system tract (TST) is characterised by a succession
of sandy limestone of shoal/tidal flat setting, marl of proximal
open marine setting, overlain by mudstone of distal open marine
setting (Fig. 2d). The maximum flooding surface (MFS) has
occurred at the top of the mudrocks of an open marine setting,
which is considered the deepest facies in the studied section
(Fig. 2e). The high stand (HST) stacking pattern is composed of
alterations of sandy limestone (sandy oyster rudstone and sandy
bivalve grain-rudstone microfacies) of shoals and sandstone
lithofacies (sublithic arenite petrofacies) of tidal flats (Fig. 2d).
The Shannon index ranges from 0.036 to 1.062 in this interval. It
is remarked that the species richness decreases within the latest
samples of the interval (from 11 in sample BS to 2 in sample
B40). The abundance of the cool nutrient-rich water R. minuta
increases from up to 10% in the basal Aquitanian to 27% in
the upper part of the Aquitanian, indicating more proximity
to the shoreline and a falling sea level curve at the end of the
Aquitanian. All these data indicate low sea level during the basal
Aquitanian age, coupled with intensive rift tectonic activity.

Second depositional sequence (DS-2)

This depositional sequence falls within the upper part of the
calcareous nannofossil Zone NN2 of the Burdigalian age
(samples from B 41 to B 68). The DS-2 is bounded at the base by
SB-2 (Aquitanian/Burdigalian boundary), which is marked by a
hiatus due to the absence of the CNM3 Zone of Backman et al.
(2012). It is also associated with an abrupt facies change from
sandy limestone to marl lithofacies. Above SB 2, a transgressive
system tract (TST) was deposited, and the transgressive
surface is matched with the sequence boundary. The TST is
characterised by marl and mudrock lithofacies that are deposited
in an open marine depositional environment. Alternations of
massive sandstone and burrowed sandy limestone (recrystallised
grainstone microfacies) deposited at the top of TST indicate
a tidal flat/shoal depositional environment (Fig. 2f). These
deposits represent the HST stacking pattern. In this sequence,
the low-stand system tract is not observed and the TST directly
overlies the SB 2. The thickness of this sequence is 29 m. The
interval contains the upper part of the Nukhul Formation of

@ Springer



788 Palaeobio Palaeoenv (2023) 103:775-798
| [E] 2
Sls5|g| 2 3 . : 5 3
'§ o |58 2 2. | Lithology [Important bioevents Abundance of important Diversity indices q:; 2
5 Z|E|E|E E nannofossil taxa 5 | <«
uo. = E L 0 60 1000 60 1000 40 600 20 40f 0 300 300 10000 10 30 10 &8
8071B37
- ~
B813 o ol NN3
- =
1] -
als 70 ~ _AS belemnos
A B76
S |5 R
z(2] g atind
== il
B70-Trrr
NN
|B6s-== =
-] =
C 5 o) S| § g ? Z g g 2 )
80 504 ] = 8 8. » 2. g < ®
= == 5% < 5 5 s 3 = =
z ~h S| & gt 5 K& ER: £ 2
= s 3 ] 3 [N 5. 8 g =2
~ S 5 3 5 g o 2
) 8 3 B 3 ] B, p
§ 401 R 3 = g “ s
H 1 C1E R A NN2
= |- & 5| §
= s
A= (A _A “
": \6: H. scissura
z H. ampilaperta g
H. carteri =
o
= £
3 20+ f g
g <
'S
o
< . dissimilis
S. disbelemnos
101 g
[) druggii NN1
1. carinatus @
7
R. bisecta 9 mg
P S N C. solitus :
M. Eocene Darat Fm., _| N. flugens NP15 | =

Fig.9 Important bioevents, the abundance of important nannofossil taxa, diversity indices, and biozonation in the studied section

Burdigalian age. The diversity indices increase in this interval
more than in the previous interval (Fig. 9), which indicates high
eustatic sea level conditions. As the Shannon index increases
from 0.04506 in the latest Aquitanian to 1.893 at the beginning
of Burdigalian, in most of the interval, the Shannon index
ranges from 1.036 to 1.602. At the last samples of the Nukhul
Formation, the decrease in diversity indices indicates a fall in sea
level (Fig. 9). From petrographic studies, most of this interval is
deposited in an open marine setting environment while at the
end of this interval, the presence of a sandy limestone unit may
attribute to a shoal depositional environment associated with
eustatic sea level falling.

Third depositional sequence (DS-3)

DS-3 formed during the Burdigalian stage above a transgressive
surface composite with SB 3. It occurs within the NN2 Zone
and the lower part of the NN3 Zone. It is bounded at the base
by the facies change from burrowed sandy limestone in the
latest sequence 2 to the marl of a deep marine setting. The TST
of DS-3 is dominated by marl with intercalations of thin layers

@ Springer

of sandy limestone lithofacies. The thickness of DS-3 is nearly
21 m and is represented by the lowermost part of the Rudies
Formation (samples from B 69 to B 87). Palaeontologically, this
sequence shows an increase in the abundance and diversity of
nannofossils with vertical lithofacies changes, but no hiatus in
the nannofossil zones is recorded. Microscopically, it consists
of foraminiferal packstone and foraminiferal wacke-mudstone
with a higher percentage of planktonic foraminifera, indicating
sea level rising and deeper conditions than the upper part of
the Nukhul Formation. The diversity increases in this interval
concerning the latest samples in the Nukhul Formation (Fig. 9).
This indicates the recovery of sea level rise after its falling in
the upper part of the Nukhul Formation.

Discussion

Age assignment and important nannofossil bioevents

The age of the early-rift Nukhul Formation in west-cen-
tral Sinai is controversial as outlined by several previous
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works due to a scarcity of index fossils, reworking, facies
changes, and different time gaps (El-Heiny and Martini
1981; Evans 1988; Soliman et al. 2012; Hewaidy et al.
2012, 2014; El Atfy et al. 2013). It is commonly dated as
Early Miocene (e.g. Souaya 1966; NSSC 1974; Andrawis
and Abdel Malik 1981; El-Heiny and Martini 1981; Evans
1988; El-Heiny and Morsi 1992; Ahmed and Pocknall
1994; Phillip et al. 1997; Marzouk 1998, 2009; El-Deeb
et al. 2004; Issawi et al. 2009; Faris et al. 2009; Youssef
2011; Soliman et al. 2012). However, it was dated prob-
ably as Chattian-Aquitanian in some subsurface wells from
the southern part of the Gulf of Suez using palynology
(e.g. El Atfy et al. 2013), which extends to Burdigalian age
in some locations (Soliman et al. 2012). A similar finding
is outlined by Hewaidy et al. (2012, 2014), who assigned
the Nukhul Formation in Wadi Baba (of the present work)
as the late Oligocene-Early Miocene age based on plank-
tonic foraminifera (Globigerina ciperoensis) and the pres-
ence of the Oligocene calcareous nannofossil NP25 Zone
of Martini (1971) at the lowermost part of the formation.
The calcareous nannofossil bioeventts introduced by these
works are not sufficient evidence and reconsidering its
accuracy is required, therefore the marine late Oligocene
in central Sinai is an illusion that should not be present.
The Aquitanian began at 23.03 Ma, according to the geo-
logic time scale (Gradstein et al. 2012; Gradstein and Ogg
2020). The biohorizon sets employed by Martini (1971) and
Okada and Bukry (1980) for delineating the calcareous nan-
nofossil biozones across the Oligocene/Miocene transition are
considered to be of limited value (Rio et al. 1990; Backman
et al. 2012; Agnini et al. 2014). However, many bioevents
can be used to define the Oligocene/Miocene boundary, such
as the LO of Helicosphaera recta (Rio et al. 1990), the LO
of Sphenolithus ciperoensis (Martini 1971; Raffi et al. 2006;
Agnini et al. 2014), and the LO of Sphenolithus capricornutus
(Steininger et al. 1995). As a result, the absence of these taxa
in the studied section, which became extinct at the end of the
Oligocene, suggests the absence of marine late Oligocene.
The last occurrence of Sphenolithus delphix is another
important bioevent that can be used to determine the Oli-
gocene/Miocene boundary (Shackleton et al. 2000; Grad-
stein et al. 2012; Backman et al. 2012; Agnini et al. 2014;
Gennari et al. 2018). Zone CNO6 (Triquetrorhabdulus
carinatus Partial Range Zone) of Agnini et al. (2014) is
defined as the interval from Top Sphenolithus ciperoen-
sis to Top Sphenolithus delphix. It corresponds to upper
Zone NP25 and lowermost Zone NN1, as well as Sub-
zone CN1a and lowermost Subzone CN1b of Chatian age.
Top Sphenolithus delphix forms a distinct biohorizon 30
million years before the Oligocene/Miocene boundary
(Agnini et al. 2014). It is worth noting that Bergen et al.
(2017) classified S. delphix based on total size and apical
spine length into small Sphenolithus with less than 8§ mm

and larger Sphenolithus with more than 8 mm. Although
the first occurrence of S. microdelphix (S. delphix with
a size less than 8 mm) occurred within the upper part
of the NP25 Zone along with S. delphix of a size more
than 8 mm, it continued into the middle part of the NN2
Zone, whereas the large size of S. delphix did not extend
to the NN1 Zone (Bergen et al. 2017). The present study
recorded S. microdelphix (Fig. 6.11, 12) without any exist-
ence of S. delphix in the lowermost part of the studied sec-
tion, confirming the occurrence of the upper part of Zone
NNI1 (Aquitanian) at the base of the Nukhul Formation.

The very essential bioevent which is used as a marker of
the lower Miocene is the occurrence of Discoaster druggii
in the basal part of the Nukhul Formation (FO in sample B
5). D. druggii was described as a Discoaster of more than
15 pm in size (Bramlette and Wilcoxon 1967). In the last
decade, De Kaenal and Villa (2010) differentiated the D.
druggii into three sizes with different ranges: small size, less
than 10 pm (NP26 to NN5); 10 to 15 pm (NN1 to NN5); and
more than 15 pm (NN2 to NN3). D. druggii with a size of 10
to 15 pm is recognised in sample B 5 whereas the D. druggii
with a size greater than 15 pm is absent. Therefore, this part
of the Nukhul Formation belongs to the upper NN1 Zone
of the Lower Miocene, which is supported by the complete
absence of H. recta, S. ciperonsis, and S. capricornutus.

The lower part of the NN2 Zone is occupied by the inter-
val between samples B 11 and B 40. The assumption of a
Lower NN2 Zone of the Aquitanian age for these samples
depends on the first appearance of S. disbelemnos in sample
B 11. According to Gennari et al. (2018), S. disbelemnos
is present above the Oligocene/Miocene boundary and it
also defines CNM2 of Backman et al. (2012). In the pre-
sent study, S. disbelemnos is observed just above the base of
D. druggii with a size of 10 pm. Sphenolithus dissimilis is
recorded in the next sample (B12), and this close consequent
occurrence with S. disbelemnos is another good criterion to
prove the presence of the lower part of the NN2 Zone.

According to Bergren et al. (2017), the base of S. dissimi-
lis is considered a marker for the Lower Miocene horizon.
The large size of D. druggii, H. ampilaperta, and H. scissura
first occurred and are recorded in sample B 41, indicating
the beginning of the upper part of the NN2 Zone. The first
appearance of H. ampilaperta is in the upper part of the NN2
Zone at 20.4 Ma. (Raffi et al. 2006), and the first appearance
of H. scissura is at 20.1 Ma. (Boesiger et al. 2017).

There are also main secondary events that debate and
prove the Lower Miocene for the studied samples. Agnini
et al. (2014) recorded a high abundance of Cyclicargolithus
abisectus > 10 pm at the uppermost part of Zone NP25. The
sub-zonal boundary CN1a/b is defined at the end acme of
C. abisectus (Okada and Burky 1980). No Cyclicargolithus
larger than 10 pm is recorded. The recorded one is less than
10 pm in diameter and represents C. floridanus.
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A few specimens of Reticulofenestra bisecta are recorded
from sample B5. The LO of this species was used by Perch-
Nielsen (1985) and Berggren et al. (1995) to approximate
the NP25/NN1 zonal boundary. Other authors used the LO
of this species to approximate the NN1/NN2 zonal boundary
(e.g. Holcova 2001). The last occurrence (top) of this taxon
according to Young (1998) is within the NN1 zone (22.82-
23.13 Ma, Aquitanian).

In the NN1 and NN2 zones of the present study, there are
large numbers of reworked species from the Upper Cretaceous to
the middle Eocene. The abundance of the reworked species may
reach 90% in some samples. This may make confusion in the
biostratigraphic use of some important taxa in this interval, such
as Z. bijugatus. The base of Z. bijugatus started in the Thanetian
stage within the NP 9 Zone (Agnini et al. 2007), whereas its last
occurrence occurred within the NN1 Zone of the Miocene age
(Young 1998). However, the reworking might be caused a much
higher stratigraphic level of the LO of this species.

Aquitanian/Burdigalian boundary

Gradstein et al. (2012) suggested two events that mark the
Aquitanian/Burdigalian boundary. These events are the FO of
Sphenolithus belemnos (19.03 Ma) or Helicosphaera ampila-
perta (20.43 Ma). Fornaciari and Rio (1996) and Lourens
et al. (2004) used the FO of Helicosphaera ampliaperta for
the delineation of the base of Burdigalian. Berggren et al.
(1995) suggested placing the Aquitanian/Burdigalian bound-
ary with the magneto-chron C6An. The first occurrence
(base) of H. ampilaperta (20.4 Ma) in the Burdigalian Stage
is near the base of C6An.1r sub-Magnetochron (Raffi et al.
2006, Fig. 5). In the present study, the base of Burdigalian
is placed within the NN2 Zone at FO of H. ampilaperta in
sample B41 in the Nukhul Formation of Wadi Baba section.

Palaeoecological interpretation

The major identified nannofossil species are related to Heli-
cosphaera, Reticulofenestra, and Sphenolithus taxa. Gen-
erally, they are mostly moderate to low, except for a few
samples that display high abundance. Their distribution
is largely controlled by variations in temperature, nutrient
availability, the position of the CCD, and sedimentation rates
(Loutit et al. 1988; Gaboardi et al. 1994; De Kaenel and
Villa 1996). This sensitivity makes calcareous nannofossils
a very important tool for palaeoecological interpretations.
They were found to thrive in eutrophic to oligotrophic condi-
tions, tropical to subpolar, with surface water at 200 m depth
(Perch-Nielsen 1985; Bown and Young 1998). The sum-
mary of the eutrophic and oligotrophic taxa of the studied
section is obtained in Figure 10. The reworked Cretaceous
and Paleogene taxa are observed with higher abundance in
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the lower part of the studied section. Statistical analyses of
calcareous nannofossils resulted in three groups with taxa
that have distinct palaeoecological preferences (Fig.8):

Group A includes Coccolithus pelagicus and R. minuta
that consist most of nannofosill assemblages (Figs. 5, 8).
Both indicate high primary productivity under eutrophic
conditions. The taxon, C. pelagicus, is evidence of nutrient-
rich water (McIntyre and Bé 1967; Roth 1994; Cacho and
Moita 2000) and found in different ranges of temperature
(-1.7°C to 15°C) (Okada and MclIntyre 1979; Winter et al.
1994) and salinity (26.9-36.0 %o) (Silva et al. 2008). Gen-
erally, Reticulofenestra dominates the coastal and shallow
marine depositional settings (Okada 1983; Young 1998;
Jordan and Winter 2000; Okada 2000). The elevated con-
tent of small reticulofenestrids as Reticulofenestra minuta
which is the most in the studied section is often associated
with an increased freshwater impact and terrigenous input
during sea-level falls (Haq 1980; Aubry 1992; Flores et al.
1995; Wade and Bown 2006; Auer et al. 2014).

Group B comprises very low abundance taxa (1-5%) and
is considered to be warm to temperate water taxa such as
Helicosphaera (Perch-Nielsen 1985). Despite being rare,
Helicosphaera is rare and less continuous, but their pres-
ence indicates near-shore environments (Krhovsky et al.
1992). Pontosphaera is very rare and discontinuous in
the studied samples, indicating low salinity and shallow
marine conditions (Krhovsky et al. 1992; Nagymarosy
and Voronina 1992). Pontosphaera multipora is the most
dominant of the Pontosphaera taxa, preferring shelf areas
over open seas (Perch-Nielsen 1985). Sphenolithus spp.,
are detected in the studied samples in rare abundance and
indicate warm, well-oxygenated surface water and an open
marine environment (Aubry 1992; Fornaciari et al. 1996).
Group C includes R. hagii as well as C. floridanus. These
species indicate nutrient-rich waters without strong fluc-
tuations in temperature, nutrient availability, and surface
water turbulence (Aubry 1992).

The abundance fluctuations in the recorded species reflect
small-scale palacoecological conditions in the studied sam-
ples. The increase amount of C. pelagicus in the lower part
of the Nukhul Formation (Aquitanian) indicates cool-nutrient
rich waters (Okada and MclIntyre 1979; Winter et al. 1994).
Extreme environments (very cold, clear, oligotrophic, and
eventually dystrophic) were suggested for some samples from
the Ghara Member of the Nukhul Formation by palynologi-
cal study of El-Atfy et al. (2013) depending on the sporadic
occurrence of Botryococcus in the absence of other coccal
green algae such as Pediastrum. The ocuurence of R. minuta
indicates a strong terrigenous influx with raised nutrient
availability possibly coupled with an increased stratifica-
tion of water masses (Cori¢ and Hohenegger 2008). The
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Genera Species included Paleoecological interpretation Reference
C. pelagicus spp. C. pelagicus
C. miopelagicus Cool to temperate, eutrophic 4.6,7,8.9
R. minuta <3 um Opportunisitic, cool, 14
R. hagii 3-5um Warm s
C. floridanus Temperate, cosmopolitan 1,5.6,8
H. euphratis, H. carteri,
Helicosphaera Spp H ()bliquay H ampilaperta Waml tO. tcmpcratc, ncarshorc 2 6 10
H. scissura, H. intermedia eutrophic
and H. mediterrana
Discoaster spp. D. deflandrei, D. druggii Warm, oligotrophic 3.6
Pontosphaera spp. P. multipora Nearshore 2
S. morformis, S. conicus,
Sphenolithus spp. |S. dissimilis, S. microdelphix Warm, oligotrophic 4.5.6.7.9
and S. belemnos o
B. bigelowii Oligotrophic 11.12.13

Fig. 10 Palaecoecological interpretation of the identified nannofossil
species in the studied area. / Aubry 1992. 2 Perch-Nielsen 1985, 3
Bukry 1973; 4 Haq and Lohmann 1976; 5 Haq 1980; 6 Wei and Wise

high amounts of reworked Cretaceous and Palacogene nan-
noplankton taxa in the lower part of the Nukhul Formation
indicate transportation from the input of surface-bound fresh
water as suggested by Auer et al. (2014).

In the middle part of the Nukhul Formation (base of Bur-
digalian), the C. pelagicus became moderate in abundance
coupled with moderate to highly moderate abundance of R.
minuta, (Fig. 9) and a slight increase in warm-taxa such as
Pontosphaera, Sphenolithus, and Discoaster. The increase
in R. minuta was interpreted as indicative of high nutrient
levels, influence of terrigenous input, relative proximity to
the shore, and points toward warmer conditions. The high
abundance of R. minuta which indicates an increased fresh-
water impact may be coinciding with a sufficiently distinct
record of freshwater algae Pediastrum and Botryococcus,

1990; 7 Wei and Wise 1992 8 Monechi et al. 2000, 9 Villa and Per-
sico 2006 10 Ziveri et al. 2004, 11 Cunha and Shimabukuro 1996; 12
Peleo-Alampay et al. 1999; 13 Svabenicka 1999; /4 Roessig 2007

and the freshwater fern Magnastriatites howardi from the
Miocene Nukhul Formation by El-Atfy et al. (2013). At the
end of the middle part of the Nukhul Formation (within Bur-
digalian), the increase in abundance of C. pelagicus with a
lesser amount of R. minuta indicates similar conditions to
the Aquitanian. The nannoplankton individuals and species
richness become very low around the boundary between
Nukhul and Rudies formations.

Palaeoenvironmental conditions and sea level-curve
Two third-order depositional sequences with five system
tracts recorded in the studied section are related to relative

sea level changes and can be correlated with the global sea
level curves of Haq et al. (1988); Hardenbol et al. (1998);
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and Miller et al. (2005). The two recorded depositional
sequences match the third-order cycles 1.4 and 1.5 of Haq
et al. (1988). Sequence boundary 1 is marked by a hiatus
by many authors in Egypt (e.g. El-Azabi 2004; Farouk and
Khalifa 2010; Hewaidy et al. 2012). It correlates globally
with the major sequence boundary NAql of Hardenbol
et al. (1998) and the cycle boundary Mil of Miller et al.
(2005). Toward the end of the Aquitanian, a significant sea
level drop took place, resulting in the deposition of pro-
gradational parasequence sets of tidal flat/shoal settings
and topped by SB 2. In the present study, small hiatus is
recorded due to the absence of nannofossil zone CNM3.
This boundary is recorded by Hewaidy et al. (2014) in
Wadi Wasit, west-central Sinai, but without hiatus in nan-
nofossil zones. The SB 2 (Aquitanian/Burdigalian) in the
study area has a good match with the global sea level curve
NBur 1 of Hardenbol et al. (1998). The SB 3 is recorded
between the Nukhul and Rudies formations and within the
Burdigalian age. It is indicated by the lithofacies change
from the burrowed sandy limestone unit that topped the
Nukhul Formation and the overlying marl unit. In Egypt,
a similar event was recorded between the two formations
and also within the Burdigalian stage by El-Heiny and
Morsi (1992). Globally, it corresponds to NBur2 (Hard-
enbol et al. 1998) and Milab (Miller et al. 2005) major
sequence boundaries.

In the Arabian Plate, several stratigraphic schemes and
conditions of sea level curves have been introduced by
many authors (e.g. Sharland et al. 2001; Haq and Qahtani
2005; Simmons et al. 2007; Simmonds and Davies 2018).
The Aquitanian-lower Burdigalian depositional sequence
is represented by a single second-order depositional
sequence bounded at the base by sequence boundary
Ngl0 (23 Ma) in the Arabian plate and at the top by Ng20
(19 Ma) within the lower Burdigalian age (Sharland et al.
2001). The sequence boundaries Ng10 and Ng20 can be
correlated with SB 1 and SB 3 of the present study, but
SB 2 cannot be correlated. This may be because Shar-
land et al. (2001) introduced one 2nd-order depositional
sequence, but the present study divides the succession
into two third-order depositional sequences. The MFS
Ngl10 was recognised between open marine carbonates
and shallowing-up succession and can be matched with
the MFS of DS 2 in the present study.

The relation between the important stratigraphic sur-
faces and the values of nannofossil diversity in the stud-
ied section has been discussed. Generally, the diversity of
calcareous nannofossil assemblages decreases with fall-
ing sea level due to the decrease in salinity and increase
in nutrients and turbidity (Roth 1987, 1989; De Kaenel
and Villa 1996; Leckie and Olson 2003; Schlager 2005;
Erba 2006). The inferred sea-level curve is based on the
palaeoecological application of characteristic calcareous
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nannofossil species, their abundance, dominance, and
diversity supported by microfacies types and their interpre-
tations (Figs. 3, 9). It is proven that the diversity increases
gradually within the upper NN1 and the lower part of the
NN2 zones (above SB1) in marl and sandy limestone litho-
facies indicating sea level rise. Its value increases above SB
2 (within the upper part of NN2 Zone of Burdigalian) to
indicate the rising of sea level again and a retrogradational
stacking pattern. It is noticed that the diversity decreases
in the uppermost samples of the Nukhul Formation, which
indicates sea level falling at the contact between the
Nukhul and Rudies formations (SB 3; Fig. 9).

The response of the nannofossil assemblage to the sea-
level conditions is observed in the studied samples. The
lower Nukhul Formation is characterised by an increase in
C. pelagicus abundance (up to 83%) and a shortage in R.
minuta (which ranges from 6 to 10 % in abundance), coupled
with a gradual increase in diversity. This result could be
positively correlated with a gradual rise in sea level during
this interval. An increase in R. minuta (19%-52%) and a
relative decrease in C. pelagicus abundance (30%—55%) are
recorded in the basal part of the middle part of the Nukhul
Formation. This interval also exhibits an increase in warm
water taxa such as Discoaster, Sphenolithus, and Heli-
cosphaera. This assemblage reflects a slight proximity to
the shoreline and a temperate condition. It was followed by
the continuous sea level rise within the second transgressive
phase which is indicated by the low abundance in the content
of R. minuta again. In the Rudies Formation at the beginning
of the Burdigalian, again the C. pelagicus increased with a
slight decrease in R. minuta indicating a slight rise in sea
level after the fall in the latest part of the Nukhul Formation.

Conclusion

The present study gives a new outlook on the age assign-
ment of the Nukhul Formation in the outcrops of west-
central Sinai (Egypt) using the calcareous nannofossil data.
The calcareous nannofossil assemblage and its successive
bioevents indicate that the interval of the Nukhul Forma-
tion at the studied sections runs from about 21 Ma to 18.9
Ma and includes almost all the Aquitanian with nannofossil
zones that belong to upper NN1, lower NN2, and the Burdi-
galian upper NN2 Zone. The nannofossil taxa in the section
show high abundances of both C. pelagicus and R. minuta
and minor species of C. floridanus, Helicosphaera, Sphe-
nolithus, Discoaster, and Pontosphaera. The study used an
important authorization to notice the small fluctuations in
the sea level across the section. Cluster analysis was per-
formed and divided the recorded taxa in the studied sam-
ple into three assemblages based on their palacoecological
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indications. The data is indicative of nearshore deposits
with eutrophic conditions with fresh water influence and
terrigenous influx in parts of the section. There is also high
nutrient availability with cool to temperate surface water
conditions. This allows us to differentiate the studied sec-
tion into five intervals. The Miocene succession begins
with marine sediments with cool nutrient-rich water after
the sea level drops between the Eocene and the beginning
of the Miocene. The conditions become more influenced
by the fresh water and terrigenous input in the middle part
of the section as it points to a decrease in water depth. This
is proved by the increase of warm taxa as well as a higher
percentage of nearshore taxa such as R. minuta. The sea
level begins to rise again with the beginning of the Burdi-
galian Stage with a small transgressive phase.

Based on sequence stratigraphic studies, three third-
order depositional sequences are recognised with major and
minor sequence boundaries that correspond to the middle
Eocene/early Aquitanian, Aquitanian/earliest Burdigalian,
and within the Burdigalian Stage that match well with the
global eustatic sea-level drops.

Appendix
Cited taxa

Braarudosphaera bigelowii (Gran and Braarud, 1935)

Calcidiscus leptoporus (Murray and Blackman, 1898)
Loeblich and Tappan, 1978

Chiasmolithus bidens (Bramlette and Sullivan, 1961) Hay
and Mohler, 1967

Chiasmolithus solitus (Bramlette and Sullivan, 1961)

Locker, 1968

Coccolithus miopelagicus (Bukry, 1971)

Coccolithus pelagicus (Wallich, 1877) Schiller, 1930

Coronocyclus nitescens (Kamptner, 1963), Bramlette and
Wilcoxon 1967

Cyclicargolithus floridanus Bukry, 1971 (Roth and Hay, in
Hay et al., 1967) Bukry, 1971

Discoaster deflandrei Bramlette and Riedel, 1954

Discoaster druggii Bramlette and Wilcoxon, 1967

Helicosphaera ampliaperta Bramlette and Wilcoxon, 1967

Helicosphaera carteri (Wallich, 1877) Kamptner, 1954

Helicosphaera euphratis Haq, 1966

Helicosphaera intermedia Martini, 1965

Helicosphaera leesiae da Gama and Varol, 2013

Helicosphaera mediterranea Miiller, 1981

Helicosphaera obliqua Bramlette and Wilcoxon, 1967

Helicosphaera scissura Miller, 1981

Helicosphaera truempyi Biolzi and Perch-Nielsen, 1982

Nannotetrina fulgens (Stradner, in Martini and Stradner,
1960) Achuthan and Stradner, 1969

Micrantholithus vesper Deflandre, 1950

Pontosphaera multipora (Kamptner, 1948 ex Deflandre in
Deflandre and Fert, 1954) Roth, 1970

Reticulofenestra bisecta (Hay, Mohler and Wade, 1966) Roth,
1973

Reticulofenestra daviesii (Haq, 1968) Haq, 1971

Reticulofenestra dictyoda (Deflandre in Deflandre and Fert,
1954) Stradner in Stradner and Edwards, 1968

Reticulofenestra haqii Backman, 1978

Reticulofenestra lockeri Miiller, 1970

Reticulofenestra minuta Roth, 1970

Reticulofenestra perplexa (Burns, 1975) Wise, 1983

Reticulofenestra producta (Kamptner, 1963) Varol, 1989

Sphenolithus belemnos Bramlette and Wilcoxon, 1967

Sphenolithus conicus Bukry, 1971

Sphenolithus disbelemnos Fornaciari and Rio, 1996

Sphenolithus dissimilis Bukry and Percival, 1971

Sphenolithus microdelphix Bergen and de Kaenel, in Bergen
etal., 2017

Sphenolithus moriformis (Bronnimann and Stradner, 1960)
Bramlette and Wilcoxon, 1967

Thoracosphaera operculata Bramlette and Martini, 1964

Triquetrohabdulus carinatus Martini, 1965

Zygrhablithus bijugatus (Deflandre and Fert, 1954)
Deflandre, 1959
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